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One of the more dramatic examples of cellular reorganization occurs during spermiogenesis in which a
roughly spherical spermatid is transformed into a mature sperm cell. A highlight of this process involves
nuclear remodeling whereby the round spermatid nucleus is sculpted into an elongated and polar
structure. This transformation in nuclear architecture features chromatin condensation, changes in the
composition and organization of the nuclear lamina and redistribution and elimination of nuclear pore
complexes. The manchette, a cytoplasmic microtubule-based structure is thought to play a crucial role in
the remodeling process. Here we show that SUN4, a spermatid nuclear membrane protein has an es-
sential function in coupling the manchette to the nuclear periphery. In the absence of SUN4, manchette
microtubules appear highly disorganized and the nucleus itself fails to elongate. Consequently, mice
deﬁcient in SUN4 display globozoospermia with associated infertility.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
A notable feature of metazoan cells is their morphological
plasticity associated with acquisition of a range of complex activ-
ities. Implementation of many specialized functions during dif-
ferentiation is dependent upon the rearrangement and transfor-
mation of organelles, including the cell nucleus. A particularly
dramatic example of this occurs during spermiogenesis (Kiers-
zenbaum and Tres, 2004). Transition from a round spermatid to
mature sperm involves extensive nuclear remodeling whereby the
initially spherical nucleus becomes elongated and positioned at
the anterior of the cell. At the same time, the nucleus itself acts as
a landmark for other organelles including the acrosome and basal
body.
Crucial to many cell-speciﬁc changes in nuclear localization and
organization is establishment of connections between the nucleus
and cytoskeleton (Burke and Roux, 2009; Gundersen and Worman,
2013). In somatic cells, such connections are formed in part by tail-
anchored outer nuclear membrane proteins featuring a C-terminal
KASH-domain (Luxton and Starr, 2014). This domain contains a
single transmembrane sequence followed by 30–40 residues.sg (A. Calvi),extending into the perinuclear space (PNS), the gap separating
inner and outer nuclear membranes (INM and ONM). In mammals
six KASH proteins are known, ﬁve of which (Nesprins 1, 2, 3, 4, and
KASH5) are ONM adapters for cytoskeletal components (Luxton
and Starr, 2014).
Localization of KASH proteins relies upon SUN-domain proteins
of the INM (Lee et al., 2002; Luxton and Starr, 2014; Starr and Han,
2002, 2003). Mammalian somatic cells contain two partially re-
dundant SUN proteins, SUN1 and SUN2 (Hasan et al., 2006; Hodzic
et al., 2004). Both are homotrimeric (Sosa et al., 2012; Zhou et al.,
2012) type-2 membrane proteins containing N-terminal domains
that interact with nuclear constituents (Rothballer and Kutay,
2013), including the nuclear lamina. The latter is a relatively thin,
15–20 nm, protein meshwork that lines the nuclear face of the
INM and which is composed primarily of the A- and B-type lamin
family of intermediate ﬁlament proteins (Burke and Stewart, 2013;
Wilson and Dawson, 2011). C-terminal regions of the SUN pro-
teins, which terminate in the eponymous ∼200 amino acid residue
SUN domain, localize to the PNS and function as anchors for ONM-
localized KASH-domains. Together, SUN-KASH pairs form LINC
complexes (LInker of the Nucleoskeleton and Cytoskeleton) that
span both nuclear membranes and which couple nuclear struc-
tures to the cytoskeleton (Crisp et al., 2006; Haque et al., 2006;
Padmakumar et al., 2005).
In addition to roles in nuclear positioning, certain LINC complex
isoforms affect intranuclear organization. In spermatocytes, a
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dependent meiotic chromosome movement and is essential for
homolog pairing (Horn et al., 2013b; Lee et al., 2015; Morimoto
et al., 2012). In the absence of either protein, chromosomes are
decoupled from the microtubule system, causing meiotic arrest
and infertility.
Male germ-line cells contain three other SUN proteins (Krack-
lauer et al., 2013), SUN3 (Göb et al., 2010), SUN4 (originally termed
Spag4 (Shao et al., 1999; Tarnasky et al., 1998)) and SUN5 (also
known as Spag4-like (Frohnert et al., 2011; Jiang et al., 2011)). Each
of these conforms to the same general domain organization as
SUN1/2 (Hasan et al., 2006; Liu et al., 2007). Initial reports on
SUN4 suggested association with both the ﬂagellar axoneme and
the manchette (Shao et al., 1999). This latter structure is a micro-
tubule-based assembly thought to be involved in both nuclear
remodeling and delivery of material to the ﬂagellumFig. 1. Wild type testis sections (A) labeled with antibodies against SUN4, SUN3, lamin B
expressed in spermatids and co-localize to one pole of the nucleus (yellow arrows and in
and SUN3 are not detected in meiotic prophase cells that are positive for SCP3. Additio
express SCP3 and Sertoli cells, contain LaB1 but not SUN4 or SUN3. The sections are also
testis spreads labeled with peanut agglutinin (PNA, an acrosomal marker), rhodamine ph
maximum intensity projection is shown in the left hand panel. An Imaris rendered ima
focal planes. Both SUN4 and SUN3 are enriched at the pole of the nucleus distal to the ac
the manchette microtubules, revealed with both anti-tubulin and anti-p150. The dia
structures. The general localization of SUN4 is also indicated.(Kierszenbaum and Tres, 2004; O’Donnell and O’Bryan, 2014). In
this report we explore the function of SUN4 in mice. We show that
SUN4 deﬁciency causes infertility linked to defective nuclear re-
modeling and aberrant spermiogenesis. Our data indicate that
SUN4 functions in coupling of the manchette to the NE and is
essential for nuclear elongation. These results highlight a new role
for SUN proteins in nuclear sculpting by the cytoskeleton, a pro-
cess that is intimately linked to spermatid differentiation.2. Results and discussion
2.1. Transient expression of SUN4 during spermiogenesis
SUN4 expression in the testis is restricted to a subset of cells
within the seminiferous tubules (Fig. 1A). In spermatocytes1 (LaB1) and the synaptonemal complex protein SCP3. SUN4, SUN3 and LaB1 are co-
sets). Late stage spermatids are devoid of both SUN4 and LaB1 (white arrows). SUN4
nal cells towards the periphery of seminiferous tubules, mostly spermatocytes that
stained with DAPI (blue) to reveal nuclei. Structured illumination microscopy (B) of
alloidin (actin) and antibodies against SUN4, SUN3, α-tubulin and dynactin p150. A
ge of the boxed nucleus is shown bottom center. All other images represent single
rosome and actin bundles and are localized between the chromatin (DAPI, blue) and
gram (C) references the major features of the spermatid nucleus and associated
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(SCP3), SUN4 is undetectable (Fig. 1A) conﬁrming that this protein
is only present in post-meiotic cells (Shao et al., 1999). SUN4 ﬁrst
appears in spermatids where it localizes to the nuclear pole distal
to the acrosome (Fig. 1A–C). Similar results were obtained using
antibodies against SUN3 revealing that, as previously reported,
this protein is likewise targeted to the basal pole of the nucleus
(Göb et al., 2010) (Fig. 1A and B). The distribution of SUN4 similarly
matches that of lamin B1 (Fig. 1A yellow arrows), although the
latter is also expressed in spermatocytes and Sertoli cells (Fig. 1A)
(Moss et al., 1993). In later stage spermatids neither protein is
detectable (Fig. 1A white arrows). The same is also true of SUN3
(Fig. 1A white arrow). The co-localization with lamin B1 is con-
sistent with a recent report that the SUN4 N-terminal domain can
form a complex with both lamin B1 and SEPT12, a GTP-binding
protein (Yeh et al., 2015). This association implies that SUN4 could
be localized at least in part to the INM. However, given that this
evidence is at best circumstantial, we would be unwilling to ex-
clude the possibility that SUN4 may also be found in the ONM.
2.2. SUN4 is closely associated with manchette microtubules
Spermatid nuclear-elongation is thought to be mediated in part
by the manchette (Kierszenbaum and Tres, 2004; O’Donnell and
O’Bryan, 2014). This assembly features microtubule bundles
aligned with the long axis of the nucleus (Fig. 1C). The ends of the
bundles closest to the nuclear equator are anchored at a peri-
nuclear ring with free ends of the microtubules extending towards
the developing tail. Thus the manchette appears as an open-endedFig. 2. Expression of recombinant SUN proteins in HeLa cells. (A) HeLa cells transien
dominantly to a cytoplasmic network corresponding to the endoplasmic reticulum. (B) G
or GFP-SUN3 and SUN4-HA. (C) Immunoﬂuorescence microscopy of HeLa cells co-transfe
shown) or together has no discernible effect on the NE localization of endogenous Nespcage surrounding the basal portion of the nucleus.
Structured illumination microscopy (SIM), which provides im-
proved resolution over conventional methods (Schermelleh et al.,
2008), reveals that the distribution of SUN4 parallels that of
manchette microtubules (Fig. 1B). By contrast, actin ﬁlaments en-
circling the nucleus and acrosome show no such overlap (Fig. 1B
and C). SIM clearly places SUN4 between the chromatin and
manchette (Fig. 1B and C). Similar results were obtained with
antibodies against SUN3, SUN4 and p150, a dynactin complex
component associated with manchette microtubules. The conclu-
sion is that SUN3 and SUN4 must be localized to the spermatid
nuclear envelope (NE) with potential roles in linking the man-
chette to the nucleus.
2.3. SUN3 and SUN4 can associate
The similar localizations of SUN3 and SUN4 suggest that these
proteins could be associated. To address this issue we co-ex-
pressed tagged versions of SUN3 and SUN4 in HeLa cells where
both could be detected largely within the endoplasmic reticulum
(ER) (Fig. 2A), a ﬁnding consistent with a previous report (Hasan
et al., 2006). Pull-down experiments revealed that SUN3 can in-
deed interact with SUN4 (Fig. 2B). In contrast, emerin, a ubiqui-
tously expressed INM protein, showed no such association. The
nature of the SUN3/4 interaction poses some signiﬁcant questions.
In particular, do these proteins form coiled-coil trimers similar to
SUN2 (Sosa et al., 2012; Zhou et al., 2012)? If so, do they form
heterotrimers or do SUN3 and SUN4 homotrimers associate to
form higher order oligomers? The answers, yet to be explored,tly transfected with SUN4-HA and GFP-SUN3 (inset). Both proteins localize pre-
FP pull-downs from HeLa cells co-transfected with either GFP-SUN3 and HA-emerin
cted with GFP-SUN3 and HA-SUN4. Expression of these proteins, either singly (not
rin 2.
Fig. 3. SUN4 deletion strategy by homologous recombination that eliminated the bulk of the coding sequence, exons 2–10 (A). Recombination was conﬁrmed employing
appropriate PCR primers (B). The indicated primers (A) correspond to CSD-neoF and CSD-Spag4-R which will generate the 553 bp product from the mutant SUN4 allele.
Western blot conﬁrmed the loss of SUN4 in testis lysates from homozygous null versus wild-type animals (C). Histological analyses of testes revealed no gross tissue level
abnormalities associated with SUN4 deﬁciency (D and E). However, no mature sperm with elongated heads could be seen in sections of SUN4 / testes (E and F).
Fluorescence microscopy of testis spreads employing DAPI and PNA revealed only sperm with round nuclei and mis-positioned acrosomes in SUN4 / samples (G). The
aberrant head shape of epididymal cells was conﬁrmed by scanning electron microscopy (H).
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either protein to possible KASH-domain binding. For instance in
SUN2, KASH binding occurs largely at the interface between ad-
jacent SUN domains within the SUN2 homotrimer (Sosa et al.,
2012). Accordingly, a SUN2 trimer contains three identical KASH
domain binding sites. In contrast, in a hypothetical SUN3/4 het-
erotrimer, symmetry considerations would indicate that each of
the three potential KASH binding sites would be non-equivalent.The SUN3 and SUN4 SUN domains share only 55% sequence
similarity (35% identity) with the SUN1/2 SUN domains. Regions of
divergence include key residues involved in KASH-binding (Sosa
et al., 2012). It is possible therefore, that compared with SUN1/2,
SUN3 and SUN4 might have altered afﬁnity for canonical KASH
domains. While Nesprin 1 is reported to bind to SUN3, we have
been unable to detect any corresponding association with SUN4. In
HeLa cells, expression of SUN4, either in the presence or absence
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endogenous Nesprin 2 (the Nesprin 1 and Nesprin 2 KASH do-
mains are essentially interchangeable (Sosa et al., 2012)). If SUN4
was able to compete with SUN1 or SUN2 for association with KASH
proteins, its overexpression should cause displacement of Nesprin
2 from the NE. Clearly this does not happen (Fig. 2C). Com-
plementary results were obtained using a SUN4 deletion mutant
(Fig. S1). The design of this truncated form of SUN4 was based
precisely on that of a SUN1 dominant negative mutant (SS-HA-
SUN1L-KDEL) that we have previously described (Crisp et al.,
2006). This mutant when expressed in HeLa cells efﬁciently re-
leases ONM KASH proteins, including Nesprin 2, into the ER (Fig.
S1) (Crisp et al., 2006). However, the corresponding SUN4 mutant
has no such effect (Fig. S1). A similar SUN3 construct also fails to
perturb Nesprin 2. Our inference is that SUN4 may associate with
non-canonical KASH ligands or that it may function outside of the
LINC complex paradigm. Intriguingly, a similar conclusion has
been reached with respect to Drosophila Spag4, a presumptive
homolog of mammalian SUN4 (Kracklauer et al., 2010) that is re-
quired for spermatid centriole positioning. A KASH-like ligand for
Drosophila Spag4 has still to be identiﬁed.
2.4. SUN1 isoforms are segregated from SUN3 and SUN4 during
spermiogenesis
Studies on mice deﬁcient in either SUN1 or SUN2, indicate that
these proteins share signiﬁcant functional redundancy (Lei et al.,
2009). By contrast, our experiments outlined in Figs. 2 and S1
suggest no such redundancy of these proteins with SUN3 and
SUN4. This view is reinforced by observations on the disposition of
certain SUN1 splice isoforms that are also expressed during sper-
miogenesis. One of these, SUN1η lacks exons 7–10 (Fig. S2A) (Göb
et al., 2011, 2010), which encode sequences within the SUN1 nu-
cleoplasmic domain immediately adjacent to the transmembrane
region. While exogenous SUN1η localizes largely to the NE in HeLa
cells (see Fig. 4C in the paper by (Liu et al., 2007)), in spermatids it
is suggested to reside in the acrosomal membrane where it may
act as a tether for Nesprin 3. These ﬁndings obviously imply that
SUN1η must be functionally quite distinct from SUN3 and SUN4,
which as we have seen are restricted to the basal pole of spermatid
nuclei. Furthermore, these observations imply that SUN3 and
SUN4 cannot meaningfully compete with SUN1η for recruitment
of Nesprin 3. At least two additional SUN1 isoforms are also ex-
pressed in testis. One of these is missing exon 7 (SUN1Δ7), while
the other lacks exons 7 and 9 (SUN1Δ7,Δ9, Fig. S2A) (Göb et al.,
2011). We raised an antibody against these two isoform by im-
munizing rabbits with a peptide spanning the exon 6–8 junction
(Fig. S2A). This antibody only recognizes isoforms lacking exon 7,
but retaining exons 6 and 8 (Fig. S2B). It does not recognize SUN1η
(Fig. S2B). In spermatids the antibody decorates a region of the
nuclear periphery subjacent to the acrosome (Fig. S2C and E). In
the majority of epididymal cells SUN1Δ7 reactivity is largely
undetectable (Fig. S2D). While the function and possible LINC
complex partners of SUN1Δ7/Δ7Δ9 remain unknown their seg-
regation from SUN3/4 suggests that these very distinct SUN pro-
teins have non-overlapping roles in spermiogenesis.
2.5. Aberrant spermiogenesis in the absence of SUN4
To test our hypothesis that SUN4 helps link the manchette to
the NE, we derived mice deﬁcient in SUN4 (Fig. 3A and B). Western
blot analyses detected SUN4 protein in wild-type but not in SUN4
/ testis lysates (Fig. 3C). SUN4 / mice appear normal and
are born with the expected Mendelian frequency. However, mat-
ings with wild-type females revealed that SUN4 / males are
infertile. By contrast, female SUN4 / animals display noevidence of reduced fertility.
SUN4 / testes presented no gross morphological defects
(Fig. 3D). However, high magniﬁcation views of histological sec-
tions showed a complete absence of mature sperm within semi-
niferous tubules of SUN4 / samples (Fig. 3E and F). Where in
wild type testis sections numerous cells with elongated nuclei
were evident, none were observed in SUN4 / sections (Fig. 3F).
In testis cell spreads ﬂuorescence microscopy revealed that SUN4
/ sperm had only small compact nuclei with irregularly
formed acrosomes (Fig. 3G). Similar results were provided by
scanning electron microscopy of epididymal sperm from both
wild-type and SUN4  / mice (Fig. 3H). While the former dis-
played normal hook-shaped heads, only round or irregular heads
were observed in the latter.
Immunoﬂuorescence microscopy of testis cryosections em-
ploying antibodies against SCP3 indicated that meiosis progressed
normally in SUN4  / mice (Fig. 3A). However, while lamin B1
expression appeared to decline at roughly the appropriate time
within SUN4  / spermatids (Fig. S3A and B), other aspects of
post-meiotic development were seriously awry. Although acro-
some formation commenced on schedule, it often appeared to
either partially or completely encircle the compact spermatid
nuclei (Figs. 3G and 4C). In total, the data in Figs. 3 and 4 point to a
massive failure in nuclear remodeling during spermiogenesis re-
sulting in globozoospermia and infertility.
2.6. SUN3 but not SUN1 is lost in SUN4  / mouse spermatids
Given the apparent association between SUN3 and SUN4, we
examined the localization of SUN3 in SUN4 / testes. Sig-
niﬁcantly, SUN3 was no longer concentrated at the basal region of
the nuclear periphery in the majority of SUN4 / spermatids
(Fig. 4B). At best, immunoﬂuorescence microscopy of testis cryo-
sections revealed only weak diffuse labeling. Conversely the
SUN1Δ7 labeling pattern was unperturbed relative to the NE and
acrosome (Fig. 4C), indicating that disappearance of SUN3 does not
reﬂect a general loss of SUN proteins. The requirement for SUN4 in
SUN3 localization may be a reﬂection of the fact that the
N-terminal domain of SUN3 contains only 10–12 amino acid re-
sidues. In contrast, the SUN4 N-terminal domain is roughly 10
times larger. If SUN3 is localized to the INM, it may have only
limited capacity for interactions with nucleoplasmic components.
Thus association with SUN4, might provide a mechanism for SUN3
immobilization.
2.7. The manchette is no longer associated with the NE in SUN4  /
spermatids
Defects in spermiogenesis associated with SUN4 deﬁciency
were further deﬁned by transmission electron microscopy (Fig. 5).
Consistent with our immunoﬂuorescence data, acrosome forma-
tion commences normally in SUN4 / spermatids with the ac-
rosome appearing at one pole of the nucleus (Fig. 5A and 5B blue
arrows). However, as SUN4 / spermatids develop, the acro-
some extends across a greater portion of the nuclear surface
(Fig. 5D and E blue arrows). In all cases SUN4 / spermatid
nuclei appeared round or misshapen. The majority, however, still
displayed obvious chromatin condensation, which roughly paral-
leled that occurring in wild-type spermatids (Fig. 5C). Clearly
chromatin condensation alone is insufﬁcient to drive appropriate
nuclear remodeling.
In wild type spermatids, the manchette is recognizable as mi-
crotubule bundles that are closely associated with the NE (Fig. 5C
yellow arrowheads). In higher magniﬁcation views of both round
(Fig. S4A) and elongated (Fig. S4B) spermatids, manchette micro-
tubules (Fig. S4 arrows) can be observed running parallel to and
Fig. 4. Immunoﬂuorescence microscopy of testis sections from wild-type and
SUN4-deﬁcient mice. A normal complement of meiotic cells, revealed by the ex-
pression of SCP3 (A), is present in SUN4 / samples. For comparison a wild-type
sample labeled with antibodies against SUN4 and SCP3 is shown in the inset. SUN3
labeling is largely absent in SUN4 / testis sections (B). In contrast, SUN1Δ7
reactivity is still detectable (C) where, as in wild type cells, it appears subjacent to
the acrosome (PNA). The acrosome itself often appears to cover much of the
nucleus.
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specimens, while such bundles were sometimes evident, they al-
ways appeared disorganized and had lost their lateral interactions
with the nucleus (Fig. 5D and E yellow arrowheads). Our conclu-
sion is that SUN4 is required for coupling of the manchette to the
NE and is essential for nuclear remodeling.
How is SUN4 is connected to the manchette? The obvious
scenario would be that SUN4 in the INM deﬁnes a spermatid-
speciﬁc LINC-type complex featuring a microtubule-associated
KASH- or KASH-like-protein of the ONM. Since the nuclear surface
must move relative to the manchette during remodeling, this ONM
protein might function as an adapter for a microtubule motor such
as dynein or kinesin. Of the six known mammalian KASH- pro-
teins, only four, KASH5, Nesprin 1, Nesprin 2 and Nesprin 4 have
conﬁrmed motor-binding capabilities. Nesprin 1 has been reported
to co-localize with SUN3, and by extension, with SUN4, inspermatid nuclei. However, in SUN4 pull-downs we have been
unable to demonstrate convincing interaction with any of the
known KASH proteins, including Nesprin 1 (data not shown).
KASH protein mutant mice provide few clues to potential LINC
complex partners. Mice homozygous for KASH domain deletions of
Nesprin 1 and Nesprin 2 as well as a more extensive deletion of
Nesprin 4 are all fully fertile (Horn et al., 2013a; Zhang et al., 2007).
Furthermore, there is no evidence even for expression of Nesprin
4 in the testis. Deletion of genes encoding two other KASH pro-
teins (Nesprin 3 and lymphocyte restricted membrane protein,
LRMP (Behrens et al., 1994)) that have no known motor binding
activity, also have no impact on fertility (Ketema et al., 2013) (C.L.
Stewart and H. Werner, unpublished observations). Clearly none of
these proteins can be providing a non-redundant link between
SUN4 and the manchette.
KASH5 is the only KASH-protein that has an indispensable role
in spermatogenesis (Horn et al., 2013b; Morimoto et al., 2012).
KASH5 is most highly expressed in spermatocytes, but its levels
decline during post-meiotic differentiation. Because KASH5-deﬁ-
ciency causes meiotic arrest we cannot formally rule out the
possibility that it might have a second, later role in spermiogen-
esis. However, since KASH5 expression falls off rapidly during
sperm development (Horn et al., 2013b; Morimoto et al., 2012), we
feel that it represents a poor candidate as LINC complex partner
for SUN4.
It is our current view that, like Spag4 in Drosophila (Kracklauer
et al., 2010), SUN4 is not associated with conventional KASH do-
main proteins. Instead we would suggest that that this testis-
speciﬁc SUN protein, potentially in association with SUN3, either
as coiled-coil hetero- or homo-oligomers, might function as a te-
ther, either direct or indirect, for non-canonical KASH (or KASH-
like) protein(s) that would couple the nucleus to the manchette. It
is also important to be aware that evidence placing SUN4 in the
INM rather than the ONM is largely circumstantial, based on a
non-physiological association with lamin B1. It is quite con-
ceivable, therefore, that SUN4 might reside in the ONM where its
N-terminal domain could provide a more immediate link to the
microtubule system. Clearly there are multiple variations on such
themes. To resolve these, a priority must be to better deﬁne pro-
tein interaction networks at the spermatid NE. At the same time it
will be necessary to bring to bear the latest imaging techniques to
precisely localize each of the spermatid-speciﬁc SUN proteins re-
lative to the nuclear membranes. In this way we will be better able
to elucidate the molecular details involved in SUN-mediated nu-
clear sculpting by the cytoskeleton.3. Materials and methods
3.1. Cell lines and transfection
HeLa cells were maintained in 5.0% CO2 at 37 °C in DMEM
supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml
streptomycin, and 2 mM L-glutamine. Transfections were per-
formed using Lipofectamine 2000 (Life Technologies) according to
the manufacturer's instructions.
3.2. Generation of knockout mouse
SUN4 targeted ES cell clones were obtained from the knockout
mouse project (KOMP) Repository, expanded in our laboratory and
injected into blastocysts. Chimeric mice were obtained and mated
to wild-type females to obtain founder animals. To remove the
loxP-ﬂanked neor cassette, SUN4 mutant mice carrying the mutant
allele were crossed with C57/B6 animals harboring a transgene
consisting of a Cre-recombinase cDNA under the control of the Zp3
Fig. 5. Transmission electron micrographs of wild-type (A and C) versus SUN4 / (B, D and E) testis sections. Wild-type versus mutant round spermatids (A and B) are
indistinguishable, displaying normal acrosome (blue arrows) development. In elongating wild-type spermatids where the acrosome resides at the anterior nuclear pole,
microtubule bundles comprising the manchette (yellow arrows) are closely associated with the nuclear envelope and run parallel to the long axis of the nucleus. In SUN4
/ spermatids at a roughly similar stage, as judged by degree of chromatin condensation, the acrosome extends over more of the nuclear periphery and the manchette
microtubules, when evident, are highly disorganized (D and E). Few if any microtubules display any extensive lateral associations with the nuclear envelope. Basal bodies are
indicated (C–E, red arrows).
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Biology, A*STAR, Singapore; (de Vries et al., 2000)). These SUN4
deleted animals were bred to remove Cre and were maintained as
heterozygotes. Genotyping was performed using the following PCR
primers: CSD-Spag4-wtF, 5′ GTCGCTCCTGAGCATCTTTCTGG 3′
CSD-Spag4-wtR, 5′ CCCCACATACACACAACCTCACC 3′ CSD-neoF, 5′
GGGATCTCATGCTGGAGTTCTTCG 3′ CSD-lacF, 5′ GCTACCATTAC-
CAGTTGGTCTGGTGTC 3′ CSD-Spag4-R 5′, CAAACCATACCTAA-
TATCTGGATTGG 3′. The combinations used and predicted product
sizes were as follows: For wild type, CSD-Spag4-wtFþCSD-Spag4-
wtR (346 bp); for pre-Cre, CSD-neoFþCSD-Spag4-R (553 bp); for
post-Cre, CSD-lacFþCSD Spag4-R (504 bp).
3.3. Immunoprecipitation
HeLa cells transiently expressing tagged versions of SUN3,
SUN4 and/or emerin were mechanically lysed in 1 ml isotonic
buffer containing nonionic detergent (50 mM Tris, pH 7.5, 150 mM
NaCl, 2.5 mM MgCl2, 1 mM DTT, 0.5% Triton X-100, and 1proteinase inhibitor [Thermo Fisher Scientiﬁc]). Lysates were
passed through a 21-gauge needle ten times to completely disrupt
the cells and centrifuged at 16,000g for 10 min at 4 °C. The su-
pernatants were rotated for 4 h at 4 °C with protein A–Sepharose
beads (Sigma-Aldrich) coupled to rabbit anti-HA or anti-GFP an-
tibodies. After incubation with the beads, samples were thor-
oughly washed ﬁve times with lysis buffers and then twice with a
ﬁnal wash buffer of 50 mM Tris, pH 7.5. Proteins eluted from the
bead by adding SDS-PAGE sample buffer followed by heating to
98 °C for 5 min were analyzed by SDS-PAGE and immunoblotting.
3.4. Immunoblot analyses
Protein samples, both cell lysates, and immunoprecipitates
were fractionated on polyacrylamide gels and transferred to ni-
trocellulose membrane (Bio-Rad Laboratories) using a semi-dry
transfer unit (Bio-Rad Laboratories). The membrane was immersed
in blocking buffer (10% adult bovine serum and 0.2% Triton X-100)
for 30 min and then incubated with appropriate primary
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After washes with blocking buffer, blots were incubated with HRP-
conjugated secondary antibody (Life Technologies) for 1 h, washed
again with blocking buffer, and visualized using ECL. For im-
munoprecipitation analyses, HRP-conjugated secondary antibodies
(Sigma-Aldrich) were used. For analysis of tissue samples, testes
from wild-type, heterozygous, and SUN4-null littermates were
weighed and placed in PBS on ice. Samples were dissociated using
forceps in a small volume of PBS and transferred to 15-ml Falcon.
Samples were brought to a volume of 10 ml with ice cold PBS. The
suspensions were then centrifuged for 5 min at 300 RCF to pellet
the cells. Cells were resuspended in SDS-PAGE loading buffer with
volumes proportional to testis weights. Samples were heated to
98° C for 5 min and resolved on 10% polyacrylamide gels, trans-
ferred using the semi-dry transfer system, blocked with 10%
nonfat dry milk in TBS-T, and incubated with primary antibody
overnight at 4 °C. After washes with TBS-T, blots were incubated
with HRP-conjugated secondary antibodies for 1 h, washed in TBS-
T, and visualized using Luminata Forte Western HRP Substrate
(EMD Millipore).
3.5. Antibodies
Antibodies used were as follows: mouse monoclonal p150
(610474; BD), anti-synaptonemal complex protein 3 (SCP3) (D-1;
Santa Cruz Biotechnology, Inc.), and anti-lamin B1 (ab16048; Ab-
cam). The rabbit antibodies against mouse SUN1Δ7
(RDRTLKPPHLGH, single letter code) human SUN4 (amino acid
residues 1–19, MRRSPRSGSAASSHNHTPN, single letter code) and
human SUN3 (amino acid residues 161–178, EAGTSE-
SYKNNKAKLYWH, single letter code) peptides were raised by
Yenzym Antibodies, LLC (San Francisco CA). A mouse monoclonal
anti-Nesprin 2 antibody (10H8) was prepared using conventional
procedures as we have previously described (Bodoor et al., 1999)
with the single modiﬁcation that initial immunizations were per-
formed in Nesprin 2 deﬁcient mice. The monoclonal antibodies
9E10 and 12CA5 against the myc, HA, and anti-GFP tags were
obtained from the American Type Culture Collection, Covance, and
Abcam, respectively. FITC-conjugated peanut agglutinin (PNA,
L7381 Sigma-Aldrich) was used as an acrosomal marker (Soder-
strom et al., 1984). Secondary antibodies were as follows. Alexa
Fluor (Invitrogen): donkey/goat anti-mouse 568, donkey/goat anti-
rabbit 488, and goat anti-mouse 647.4. 3D structured illumination microscopy (3D-SIM)
A microscope (DeltaVision OMX v4; Applied Precision) equip-
ped with 405-, 488-, and 568-nm lasers for excitation and the BGR
ﬁlter drawer (emission wavelengths 436/31 for DAPI, 528/48 for
Alexa Fluor 488, and 609/37 for Alexa Fluor 568) was used for
acquisition of 3D-SIM images. A Plan Apochromat 100x/1.4 PSF oil-
immersion objective lens (Olympus) was used with liquid-cooled
EM-CCD cameras (Evolve; Photometrics) for each channel. 15
images per section per channel were acquired (made up of three
rotations and ﬁve phase movements of the diffraction grating) at a
z-spacing of 0.125 μm as described previously (Gustafsson et al.,
2008; Schermelleh et al., 2008). Structured illumination re-
construction and alignment was completed using the SoftWorX
(Applied Precision) program.
4.1. Wide-ﬁeld ﬂuorescence and deconvolution
A microscope (DeltaVision CORE; Applied Precision) equipped
with a xenon light source and bandpass ﬁlters was used for ac-
quisition of wide-ﬁeld ﬂuorescence images. Either a PlanApochromat 40 /1.35 NA (Olympus) or a Plan Apochromat 60 /
1.4 NA oil-immersion objective lens (Olympus) was used with a
CCD camera (no binning; CoolSNAP HQ, Photometrics). The
z-spacing was ﬁxed at 0.2 μm. Deconvolution was then completed
using the SoftWorX program (Applied Precision) with ﬁgure pre-
paration in Fiji (Schindelin et al., 2012) and Adobe Photoshop and
Illustrator.
4.2. Confocal microscopy
A confocal microscope (LSM510; Carl Zeiss) equipped with 405-
, 488-, and 561-nm lasers for excitation and bandpass emission
ﬁlters was used for acquisition of confocal images and z-stacks. A
Plan Neoﬂuor 40 /1.3 NA oil immersion objective lens (Carl Zeiss)
was used. The confocal pinhole was set to 1 Airy unit for the green
channel and other channels adjusted to the same optical slice
thickness.
4.3. Immunostaining methods
For HeLa cells, ﬁxation was performed in 3% formaldehyde for
20 min. This was followed by permeabilization using 0.2% Triton
X-100 for 10 min. After ﬁxation and permeabilization, samples
were labeled with appropriate primary and secondary antibodies
for 20 min at room temperature. DAPI was used to visualize DNA.
Samples were washed two times with 0.2% Triton X-100 after each
antibody labeling step. Cells were imaged using the DeltaVision
CORE, OMX or Zeiss LSM510 systems. For the testis sections or cell
spreads, specimens were brought to room temperature and ﬁxed
for 10 min in 4% PFA in PBS. Samples were washed in PBS and
permeabilized for 10 min in 0.2% Triton X-100 PBS followed by a
brief wash in PBS and blocked in blocking buffer (10% NGS in 0.2%
Triton X-100 PBS) for 1 h. Samples were rinsed brieﬂy in PBS and
incubated with primary antibody diluted in blocking buffer in a
moist chamber at 4 °C overnight or 1–2 h at room temperature.
Samples were washed in PBS in a Coplin jar, which was immersed
in a beaker with running water for 10 min. Samples were in-
cubated with secondary antibody diluted in blocking buffer for 1 h
at room temperature and then subjected to the same wash regi-
men. Excess water was removed and samples were mounted using
ProLong Gold Antifade reagent (Invitrogen). For 3D-SIM, samples
were ﬁxed again for 10 min in 4% PFA in PBS after the ﬁnal wash,
washed in PBS, and mounted using VectaShield mounting medium
(H-1000; Vector Laboratories).
4.4. Testis cell spreads
SUN4-null and wild-type littermates were sacriﬁced by CO2
intoxication. Testes were removed and placed in PBS. The tunica
was removed and seminiferous tubules were washed in PBS and
then transferred to a small aliquot of fresh PBS. The seminiferous
tubules were dissociated mechanically using a pair of forceps, and
the tissue suspension passed through a 100 μm cell strainer (BD)
to remove undissociated tubules and large tissue fragments.
Thoroughly cleaned poly-lysine-coated slides (Thermo Fisher Sci-
entiﬁc) were dipped in 1% PFA and 0.15% Triton X-100/ PBS. Excess
liquid was allowed to drip off brieﬂy and a few drops of testis
suspension were added to each slide. They were incubated in a
moist chamber for 2 h, washed for 3 min in 0.1% Triton X-100/PBS,
and allowed to air dry. Slides were stored at 80 °C.
4.5. Tissue sections
SUN4-null and wild-type littermates were sacriﬁced as de-
scribed above; testes were removed and brieﬂy placed in 2-me-
thylbutane. These specimens were transferred in Tissue-Tek OCT
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tions were cut on a cryostat and placed on Polysine slides (Thermo
Fisher Scientiﬁc) and stored at 80 °C.
4.6. Electron microscopy
For transmission electron microscopy, dissected testes were
ﬁxed with 2% PFA and 2% glutaraldehyde in sodium cacodylate.
The tissues were brieﬂy washed in sodium cacodylate buffer and
postﬁxed in 1% osmium tetroxide for two hours in the dark, then
washed again in sodium cacodylate to ﬁnally start the process of
dehydration by serial incubation of 30 min, twice each in 70%
ethanol, 90% ethanol and twice for 15 min each in 100% ethanol.
The testes were then embedded in epoxy resins and hardened
with overnight baking at 60 °C. The following day the tissues were
cut in 50 nm ultra-thin sections using a Leica Ultracut ultra-
microtome. These were stained with lead citrate for 10 min before
imaging using either a Jeol JEM-2200FS or Jeol JEM-1010. For
scanning electron microscopy, sperm were collected from the
epididymus and spread onto a coverslip. Specimens were ﬁxed
with 2.5% glutaraldehyde then osmicated for one hour in the dark,
dehydrated by serial incubation of 5 min in 50% ethanol, 10 min
each in 75% ethanol and 95% ethanol and three times of 10 min
each in 100% ethanol processed in a critical point dryer for 2 h and
coated with a 3 nm gold layer and analyzed using a Jeol JSM-
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